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ABSTRACT The product of the WT1 Wilms tumor suppres-
sor gene controls the expression of genes encoding components
of the insulin-like growth factor and transforming growth factor
b signaling systems. The role of these growth factors in breast
tumor growth led us to investigate possible WT1 gene expression
in normal and cancerous breast tissue. WT1 was detected by
immunohistochemistry in the normal mammary duct and lobule,
and the patterns of expression were consistent with developmen-
tal regulation. In a survey of 21 infiltrating tumors, 40% lacked
immunodetectable WT1 altogether and an additional 28% were
primarily WT1-negative. Cytoplasmic, but not nuclear, localiza-
tion of WT1 was noted in some tumor cells and WT1 was
detected, sometimes at high levels, in more-advanced estrogen-
receptor-negative tumors. In this highly malignant subset, the
tumor suppressor protein p53, which can physically interact with
WT1, was also sometimes detected. WT1 mRNA was detected in
normal and tumor tissue by reverse transcription-coupled PCR.
Alternative splicing of the WT1 mRNA may regulate gene
targeting of the WT1 protein through changes either in its
regulatory or zinc-finger domains. The relative proportions of
WT1 mRNA splice variants were altered in a random sample of
breast tumors, providing evidence that different tumors may
share a common WT1-related defect resulting in altered regu-
lation of target genes.

Normal growth and differentiation of the mammary gland
depend on endocrine hormones that act in concert with locally
produced growth factors such as the insulin-like growth factors
(IGFs) and members of the transforming growth factor b
(TGF-b) family. Multiple lines of evidence support the role of
IGFs, acting through the IGF-I receptor (IGF-IR), in normal
mammary growth and morphogenesis and in mammary tu-
morigenesis (1–6). In vivo, IGF-I, supplemented with estrogen,
orchestrated normal ductal growth and morphogenesis when
administered adjacent to regressed mammary epithelium in
the rat (7). IGFs are potent mitogens in numerous breast
cancer cell lines and expression of the IGF-IR, which is found
in high concentrations in primary breast cancers, is crucial for
tumor cell proliferation; blockade with an IGF-IR-specific
antibody inhibited IGF-stimulated cell division in vitro and
tumor formation in vivo (2). The TGF-b system appears
responsible for the normal inhibition of mammary growth
(8–10). Paradoxically, expression of TGF-b in breast tumors is
correlated with metastasis and poor prognosis, and TGF-b can
stimulate the tumorigenicity of breast cancer cell lines in nude
mice (11–14). The genes encoding the IGF-IR, IGF-II, and
TGF-b, as well as WT1 itself, are among the targets of the
product of the Wilms tumor suppressor gene WT1 (15–18),
which encodes a transcription factor consisting of an amino-
terminal regulatory domain and a carboxyl-terminal domain

composed of four Cys2His2 zinc-finger motifs responsible for
DNA and RNA binding (19, 20). An alternative splice site in
each of these domains results in four isoforms of WT1 mRNA
(21). Mutations in the WT1 gene are associated with a subset
of Wilms tumors, the most common pediatric renal cancer
(22–24). It has been previously proposed that, during normal
renal development, WT1 functions to suppress an IGF-IIy
IGF-IR autocrine loop to effect differentiation of the renal
epithelium and that loss of WT1 function contributes to Wilms
tumorigenesis through constituitive activation of this loop (25).

The causative role of the loss of the WT1 transcription factor
in the etiology of a human tumor and its regulation of genes
encoding at least two growth factors and a tyrosine kinase known
to be important in mammary duct growth regulation and breast
cancer cell proliferation led us to investigate possible WT1
expression in the normal and cancerous breast. We now report,
to our knowledge, the first evidence that WT1 protein is present
in normal breast tissue and appears to be developmentally
regulated and that a high percentage of breast tumor cells express
little or no WT1 protein. WT1 mRNA was also detected, and
differences in the proportions of alternatively spliced WT1 mR-
NAs correlated with normal versus cancerous status.

EXPERIMENTAL PROCEDURES
Tissue. Specimens used for immunohistochemical analysis

were obtained directly after surgical excision, transferred imme-
diately to chilled (4°C) 4% paraformaldehyde in phosphate-
buffered saline (PBS), and fixed for 3 h. Additional specimens of
fixed sectioned breast tumors were provided by the University of
Michigan Breast CellyTissue Bank, where histological grading,
steroid hormone receptor status, and p53 and cERB2 expression
were determined. Specimens used for RNA extraction were
quick-frozen in liquid nitrogen immediately after excision. His-
tological typing of these specimens was determined by Kelly R.
O’Keefe, Dominican Hospital, Santa Cruz, CA. Steroid hormone
receptor status was available only for a subset of these samples.

Immunohistochemistry. Fixed tissue was dehydrated
through a graded series of ethanols to xylene and embedded
in paraffin wax. Tissue was then sectioned at 7 mm and
mounted on slides coated with 3-aminopropyltriethoxysilane
(Sigma). The anti-WT1 antibody used in this study was WT(C-
19) (sc-192; Santa Cruz Biotechnology) directed against an
epitope corresponding to the 9 amino acids at the carboxyl
terminus of the human WT1 protein. It was used at 1:200
dilution in PBS. A second anti-WT1 antibody, WT(180)
(sc-846; Santa Cruz Biotechnology) specific for the amino
terminus was used at a 1:10 dilution. Sections were incubated
with antibody overnight at room temperature and antibody
binding was detected with the avidin-biotin-peroxidase system
protocol for the Vectastain standard kit with the following
additional blocking steps: aldehyde groups were blocked using
0.2% glycine in PBS for two 5-min periods; endogenousThe publication costs of this article were defrayed in part by page charge
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peroxidases with 0.3% hydrogen peroxide were blocked in
methanol for 30 min; nonspecific proteins were blocked with
2% dried milk in PBS for 30 min and 5% goat serum in PBS
for 3 h instead of 30 min (Vector Laboratories).

Evidence for Specificity of Anti-WT1 Antibody C-19. In COS7
cells, nuclear staining by C-19 was observed only in transfectants
containing WT1-expressing constructs; transfectants expressing a
mutant WT1 lacking the carboxyl-terminal domain did not stain
nor did untransfected cells (26). In this same study, C-19 colo-
calized with each of four independently raised anti-WT1 mono-
clonal antibodies in COS cells as well as in mouse testis and kidney
tissue (26). WT1 expressing and nonexpressing cell lines (iden-
tified by Northern blot hybridization) were tested for staining
with C-19 antibodies or monoclonal antibodies, and expressing
cell lines all showed characteristic nuclear staining pattern with
C-19 or monoclonal antibodies, whereas nonexpressing cells were
not stained (26). In separate studies, buffalo rat BRL-3A cells and
human glomerular epithelial cells were shown to express WT1
and demonstrated nuclear staining with C-19 (27, 28). Addition-
ally, Western immunoblotting of antibody C-19 gave a single band
of correct size in extracts from CHO cells containing a WT1
expression vector (29). Finally, transfection of epitope-tagged
WT1 into a variety of WT1-negative cell lines, followed by
immunostaining andyor Western immunoblotting with C-19 and
an anti-FLAG (M2) monoclonal antibody verified the specificity
of C-19 in our own hands.

The specificity of WT1 immunostaining in our system is
supported by the determination that a second independently
raised polyclonal antibody, WT(180) (sc-846; Santa Cruz
Biotechnology), directed against the amino-terminal domain
of WT1 gave the same staining pattern as C-19 (data not
shown), and preincubation of C-19 with its cognate peptide
greatly reduced nuclear staining (Fig. 1A Inset).

RNA Preparation and Reverse Transcription Reactions. Fro-
zen samples were pulverized under liquid nitrogen, and a primary
extraction of total RNA was performed with Purescript reagents
(Gentra Systems) and was followed by secondary purification
with a Qiagen total RNA midi kit (Qiagen, Chatsworth, CA).
Reverse transcription reactions used an NN(T)33 primer (CLON-
TECH) with Moloney murine leukemia virus reverse transcrip-
tase and a standard buffer (Promega) in a 20-ml reaction volume
containing 10 mg of human breast tissue total RNA or 3 mg of
human kidney total RNA. High molecular weight reaction prod-
ucts were purified from the reaction mixture by centrifugal
filtration using a Millipore filter with a 30,000 molecular weight
cut-off. Purified DNAyRNA was resuspended in 25 ml of RNase-
free water for PCR. Samples of human kidney and uterus RNA
were from (CLONTECH).

PCR. One-tenth of the purified DNAyRNA volume was
subjected to a first-round PCR amplification (94°C for 1 min,
58°C for 2 min, and 72°C for 3 min for 30 cycles) using Taq
polymerase (Fisher Scientific) in a 50-ml reaction volume in a
Perkin–Elmer model 9600 thermal cycler. For the second round,
a 1:25 dilution of first-round reaction mixtures containing mam-
mary samples or a 1:50 dilution of the kidney or uterus RNA was
made in fresh reaction mixtures containing a second set of
primers and the same program was repeated for an additional 25
cycles. WT1-specific PCR primer sequences were selected using
MACVECTOR primer selection software (IBI-Kodak) and are as
follows: F3 (20-mer), 59-TTGTGATGGCGGACAAATTC-39;
F1 (21-mer), 59-GGAATCAGATGAACCTAGGAG-39; B5
(25-mer), 59-CGTTTCTCACTGGTCTCAGATGCCG-39; F11
(24-mer), 59-AGGTTTTCTCGCTCAGACCAGCTC-39; B1
(20-mer) 59-GCCACCGACAGCTGAAGGGC-39; B3 (20-mer),
59-TTGTGATGGCGGACMAATTC-39.

Gel electrophoresis in 2% agarose was used to resolve both
splice variants. Low EEO agarose (Fisher Scientific) in 13 TAE
(47) was used to resolve the 51-bp difference in the exon 5
variants. ‘‘Metaphor’’ high-resolution agarose (FMC) in 13 TBE
(47) was used to resolve the 9-bp difference in the KTS variants.

WT1 Southern Blot Hybridization. Probe was a digoxigenin-
labeled 645-bp human WT1 cDNA fragment spanning exons 7
through 10 and into the 39 untranslated region. Hybridization was
at 45°C overnight followed by two 30-min washes in 0.13 stan-
dard saline citratey0.1% SDS at 65°C. Signal was detected by
chemiluminescent substrate diluted 1:1 in basic buffer (Lumi-
Phos 530, Genius buffer 3; Boehringer Mannheim, Indianapolis,
IN).

Determination of the Relative Proportions of Alternative
Splice Variants. Each sample of total RNA from a reduction
mammoplasty or breast cancer patient was subjected to at least
two reverse transcription reactions and from two to six primary
(round 1) PCR amplifications prior to amplification with splice-
specific primers. For each sample therefore, up to six replicate
PCR amplification reactions were carried out with multiple
samplings of the reverse-transcribed RNA. Within the normal or
tumor groups, the data from all patients gave essentially the same
results and, therefore, were pooled, and the occurrence of signals
for unspliced and spliced forms, appearing either independently
or together, were expressed as a percentage of the total number
of occurrences observed for each form.

RESULTS
WT1 expression in normal breast tissue was investigated by
immunohistochemistry with a polyclonal antibody directed
against the WT1 carboxyl terminus. Normal mammary ducts are
constructed of cells from two developmental lineages. The first,
which always stained heavily with antibodies to WT1, is the
myoepithelium, a sheath of contractile cells (Fig. 1A, open arrow)
that overlays cells of the second lineage that line the duct lumen.
The latter population can be further subdivided on the basis of
nuclear morphology and chromatin density. Cells with rounded
nuclei and diffuse chromatin were mostly WT1-positive (Fig. 1A;
solid triangles). Cells with this appearance have been described in
the mouse mammary gland and are considered to be less-
differentiated probable stem cells that to give rise to lobular cells
or new ducts (30–33). The second ductal cell type has a polygonal
nucleus with compact chromatin, features that are considered
characteristic of differentiated cells. Some of these cells were also
positive for WT1 (Fig. 1A).

The complex expression pattern for WT1 observed in ductal
cells was not seen in the normal lobule, where staining was
more uniform, presumably reflecting the fact that these more-
differentiated presecretory cells constitute a relatively homo-
geneous population (Fig. 1E). As with the duct, the myoepi-
thelial cells investing lobules stained heavily for WT1.

In contrast to normal mammary epithelium, tumor cells
often lacked detectable WT1 protein. All the cells of one
ductal tumor, for example, uniformly lacked immunodetect-
able WT1; the nuclei of these tumor cells were monomorphic
and similar to putative less-differentiated cells described for
the normal duct (compare the nuclear morphology in Fig. 1C
with Fig. 1 A, triangle in box). The WT1-deficient phenotype
can be established early in tumorigenesis, as seen in an example
of carcinoma in situ, a situation where tumor elements are still
contained within an otherwise normal duct (Fig. 1B). As
pictured, a multilayered tumor that is negative for nuclear
WT1 protein lies directly to the left of a normal-appearing duct
wall containing numerous WT1-positive cells. Lobular tumors
were also WT1-negative (Fig. 1F). In the pictured example,
infiltrating tumor cells formed WT1-negative acinar-like struc-
tures or small islands, the larger of which had myoepithelial-
like cells at their periphery that stained for WT1.

Changes in the intracellular localization of WT1 protein
accompanied tumor progression. WT1 was detected in the
cytoplasm of tumor cells in the carcinoma in situ but not in the
infiltrating tumor from the same patient (Fig. 1 B and C,
respectively). Cells of a second infiltrating ductal carcinoma
had either cytoplasmic or nuclear WT1, suggesting that further
differentiation of WT1 expression may have occurred after
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clonal transformation (Fig. 1D). Cytoplasmic staining for WT1
was also detected in a lobular carcinoma (Fig. 1F).

To determine the frequency of the WT1-negative breast
tumor phenotype, levels of expression were investigated in
tissues from 21 patients with infiltrating mammary carcinoma
(Table 1). All histopathological grades of ductal tumor were
represented and patients ranged in age from 29 to 88 years. In
40% of all tumors studied, WT1 protein was undetectable.
Where tumor cytology was heterogeneous, a majority cell type
(estimated by inspection to be 50% or more of the tumor cells)
was usually identifiable and in 28% of these tumors, the
majority of the cells were WT1-negative. A higher percentage
of lobular tumors compared with ductal carcinomas (83%

versus 67%) had a majority of WT1-negative cells (data not
shown). A correlation was noted between estrogen receptor
status and WT1 expression; 78% of the lower-grade receptor-
positive tumors lacked WT1 compared with only 40% for
receptor-negative counterparts (data not shown).

The detection of the p53 tumor suppressor protein and estro-
gen-receptor-negative status are associated with higher-grade
more-aggressive cancers that have the poorest clinical outcomes
(34). Although the sample numbers were too small to assess
statistical significance, the observation that two of three WT1-
positive high- grade tumors also expressed p53 should be noted,
because WT1 has been shown to physically associate with and
modify p53 action (35). Unlike p53, the expression of the c-ERB2

FIG. 1. Photomicrographs illustrating immuno-
localization of WT1 protein in the epithelial cells of
normal and cancerous human breast tissue. Cells that
are positive for WT1 protein stained brown; the blue
nuclear stain is hematoxylin. (A) Nuclear morphol-
ogy and WT1 staining characteristics of normal
mammary ductal cells. Cells with oval nuclei and
diffuse chromatin were WT1-positive (triangles and
box in the center). Cells with polygonal nuclei and
compact chromatin were positive (large arrowheads)
or negative (small arrowhead) for WT1. The latter
stained deeply with hematoxylin. Myoepithelial cells
were WT1-positive (open arrow; dotted line delin-
eates the boundary between lumenal and myoepi-
thelial cells). L, ductal lumen. (Inset) Antibody pre-
incubated with cognate peptide shows reduced stain-
ing. Myoepithelial cells are on the left of dotted line.
(Bar 5 15 mm.) (B) Ductal tip partially involved with
carcinoma in situ. Normal cellular arrangement oc-
curred on the right side of the duct; a multilayered
tumor appears on left side. L, lumen. The top of the
L points to transitional zone between the normal and
tumorous sides of the duct. Immunostaining of
monolayer of normal-appearing ductal cells on the
right side of the duct: some ductal cells with oval
nuclei and diffuse chromatin were WT1-positive
(triangles); fewer were WT1-negative (curved ar-
row). Numerous cells with polygonal nuclei were
WT1-positive (large arrowheads). The tumor ele-
ment consists primarily of cells with large oval WT1-
negative nuclei containing diffuse chromatin. Some
cells in this mass had WT1-positive cytoplasm (small
arrowheads). Myoepithelial layer lies outside dotted
line. (Bar 5 15 mm.) (C) Infiltrating ductal carci-
noma. Tumor cells have proliferated to form masses
(large arrowheads) within which all cells were WT1-
negative. A band of infiltrating tumor cells is visible
(small arrowhead). This tumor and the previously
described tumor in situ are from the same patient.
WT1-positive stromal cell is positive control for
immunostaining. (Bar 5 20 mm.) (D) Nuclear and
cytoplasmic immunostaining for WT1 in infiltrating
ductal carcinoma. WT1 immunostaining subdivides
this population roughly in half on the basis of cyto-
plasmic versus nuclear localization of the protein.
Cells with only cytoplasmic WT1 immunoreactivity
(arrowheads) are intermixed with cells having nu-
clear stain. In addition, there are some cells that have
both cytoplasmic and nuclear WT1 (triangles).
(Bar 5 20 mm.) (E) Normal mammary lobule. Nor-
mal-appearing lumenal epithelium stained with
moderate intensity for WT1 (arrowheads). The nu-
clei of the myoepithelial cells stained deeply for WT1
(open arrow; dotted line delineates boundary be-
tween myoepithelial and lumenal cells). (Bar 5 20
mm.) (F) Infiltrating lobular carcinoma. Section from
vicinity of normal lobule (E). The nuclei of tumor
cells are uniformly negative for WT1; however, some
cells showed cytoplasmic staining (arrowheads).
(Bar 5 15 mm.)
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protooncogene was not correlated with either tumor grade or
WT1 expression (data for clinical parameters is not shown).

The plus- and minus-KTS variants of WT1 have different
DNA and RNA binding specificities and hence must transcrip-
tionally control different constellations of genes (36, 37). In
addition, a WT1 plus-KTS splice variant was recently shown to
bind in a sequence-specific fashion to mRNA, implicating
plus-KTS variants in post-transcriptional regulation of gene
expression (28). Should WT1 be involved in gene-regulatory
perturbations associated with breast cancer initiation or main-
tenance, we reasoned that tumor-related WT1 action on
different sets of genes would be likely and could be deduced
through detection of altered expression of KTS variants. For
this reason we undertook a detailed analysis of the expression
of the two classes of WT1 KTS variants (Figs. 2 and 3A) in
tissue from the normal and cancerous breast.

By using nested pairs of PCR primers and Southern blot
hybridization to detect low levels of target, a WT1-specific probe
detected only the plus-KTS form(s) in samples from normal tissue
from reduction mammoplasties, whereas, in addition to plus-KTS
variants, minus-KTS signals of various intensities appeared for
each tumor (Fig. 3A). As expected, both the plus- and minus-KTS
forms were detected in the kidney and in the plasmid controls.
Plus- and minus-exon-5 variants appeared as expected in all
tumors and in the kidney control (Fig. 3B). In normal tissue,
plus-exon-5 form(s) were the only ones expressed except for
patient 16, where the minus form also appeared. Our splice-
variant detection strategy was tested by coamplifying plasmids
containing cDNA for either the WT1 message variant with both
splices or neither splice. The appearance of amplification prod-
ucts of the predicted size validated the nested PCR system (Fig.
3A). Kidney tissue also expressed both splicing forms of KTS and
exon 5 as predicted (Fig. 3) (21, 38).

A replicate PCR for the sample from patient 16 resulted in
amplification of only the plus form, indicating that in some of
our PCR trials, variants may not have been detected. In fact,
when there exists a low abundance of two or more bone fide
targets for a primer pair, as with the WT1 splice variants, a
stochastic sampling error in which only a single target is
amplified is likely if not inevitable. This pitfall has been studied
in detail by Taberlet et al. (39), who demonstrated its avoid-
ance by multiple PCR trials to detect all possible targets. The
same study indicated that the frequency with which a target is
detected will depend on its relative abundance; in multiple
PCR trials, the more abundant targets will appear most
frequently. This suggested to us that replicate amplifications

could be used to quantify the relative proportions of the WT1
splice variants in tumor versus normal samples.

A multiple sampling scheme was, therefore, used to further
investigate the proportions of KTS and exon 5 splice variants, the
results of which were consistent with the initial PCR trial and add
important details. Data on previously undetected splice variants
showed that in normal breast tissue, the minus forms of each
variant were present at significant levels, in the 20–30% abun-
dance range (Fig. 4). In tumor tissue, this ratio was less pro-
nounced due to a relative increase in the minus-KTS and minus-
exon-5 variants to 40–50% of the splice variant mixture. Finally,
breast tumors are often composed of a heterogeneous mixture of
tumor and stromal cells. Although the latter must contribute to
the WT1 mRNA pool, the relatively low levels of immunode-
tectable WT1 seen in the stroma and the random patient pop-
ulation, which should reflect a variety of epithelialystromal ratios,
suggest that systematic variation in stromal contribution between
normal and tumor tissue is not likely to account for the observed
differences in splice abundance.

DISCUSSION
The known tumor suppressor action of the WT1 gene in the
developing kidney and its regulation of the genes encoding the
mammotrophic IGF-IRyIGF-II system, as well as the mammary
growth inhibitor TGF-b1, make it a candidate gene for action in
the mammary gland. The goal of the current study was to
determine whether WT1 was expressed in normal human breast
tissue, and if so, whether this expression was altered in mammary
tumors. Our key findings are that WT1 protein and mRNA are
expressed in the normal breast and that levels and subcellular
localization of WT1 protein and the alternative splicing of WT1
mRNA were significantly altered in a random sample of breast
tumors (Figs. 1 and 3).

In the normal breast, the level and patterning of WT1 immu-
nostaining strongly indicated that WT1 gene expression is dif-
ferentially regulated between developmentally divergent ducts
and lobules as well as within the mature duct. Duct lumenal cell
staining contrasted with the lobular pattern, the former with a
patchy distribution versus the latter with the more uniform
distribution, suggesting that WT1 may play different develop-
mental roles within these structures (Fig. 1 A and E). Develop-
mental regulation of WT1 has been described in the mouse
urogenital system and in rat ovarian development (29, 40).

Interestingly, the higher frequency of WT1-negative lobular
tumors compared with ductal tumors suggests that developmen-

FIG. 2. WT1 gene structure, splice variants, and detection scheme.
The 10 exons of WT1 are shown as boxes and the alternatively spliced
51-base and 9-base sequences encoded by exon 5 and the 39 end of exon
9 (KTS) are shaded. The location of the four zinc-finger motifs are
noted above the boxes and the positions of the forward (F) and reverse
(B) oligonucleotide primers relative to the transcript are shown.

FIG. 3. Detection and analysis of WT1 mRNA splice variants in
normal (reduction mammoplasty) and cancerous breast tissue. (A)
Reverse transcription-coupled PCR and Southern blot hybridization
analysis of KTS splice variants for presence or absence of the 9-base
KTS sequence. Upper row of signals, plus KTS; lower row, minus KTS.
Normal (control) is kidney and a mixture of plus- or minus-KTS
WT1-containing plasmids. Round 1 primers, F3yB3; round 2 primers,
F11yB1. Two rounds of 30 and 25 amplification cycles for mammary
gland WT1 mRNA; kidney WT1 mRNA could be detected with a
single round of 30 cycles. (B) Reverse transcription-coupled PCR and
Southern blot hybridization analysis of exon 5 splice variants. Upper
row of signals, plus exon 5; lower row, minus exon 5. Normal (control)
is kidney. Round 1 primers, F3yB3; round 2 primers, F1yB5.

Table 1. WT1 protein expression: Survey of immunostaining in
normal and cancerous breast tissue

Tissue WT1 Neg WT1 Pos

Tumor 15 6
Normal 1 14

In 60% (9 of 15) of the tumors surveyed, WT1 immunostaining was
absent in greater than 90% of the tumor cells (estimated by inspection).
In the remaining 6 tumors, 50% or more of the tumor cells were estimated
to be WT1-negative. Source of normal tissue: ducts and lobules with
normal-appearing cellular architecture and nuclear morphology were
often found in the vicinity of tumors and were used as controls (Normal).
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tal differences in expression may have sequelae in neoplasia.
Within the duct, the distinctive differences in WT1 staining
intensity between the myoepithelial and lumenal cell lineages and
the subdivision of lumenal cells into WT1-positive and -negative
populations encompassing putative stem- and differentiated-cell
types are indicative of developmental regulation (Fig. 1A). The
presence of WT1 protein in undifferentiated cells could be
relevant both to normal development and tumorigenesis, as these
cells are considered to be premitotic, poised to divide under the
hormonal influences of pregnancy, for example. If we borrow
from the Wilms tumor model, where ablation of WT1 action
results in derepression of the IGF-IR and IGF-II (25), then in the
mammary gland, suppression of this mammotrophic autocrine–
paracrine loop by WT1 would normally maintain these cells in
mitotic arrest and loss or inactivation of WT1 would lead to
unregulated cell division and tumors.

The most striking features of WT1 immunostaining in breast
tumors were (i) the absence of immunodetectable WT1 in a

majority of tumor cells (Fig. 1 C and F and Table 1), (ii)
cytoplasmic localization in a subset of tumor cells (Fig. 1 B and
D), and (iii) high levels in some advanced tumors, suggesting
possible overexpression (Fig. 1D and Table 1). All are indicative
of breast-tumor-related perturbations of WT1 expression. Since
significant reduction of WT1 mRNA was not detected in breast
tumors (Fig. 3), the tumor-related changes in expression patterns
of the alternatively spliced WT1 mRNA species must in part
underlie the changes in protein expression noted above (Figs. 3
and 4). Consistent with this idea, in all tumors studied, the normal
proportions of the splice variants were replaced with increased
proportions of both minus-exon-5 and minus-KTS variants (Fig.
4). The appearance of this pattern in a random sample of breast
tumors suggests that altered splicing of WT1 mRNA is charac-
teristic of breast tumor tissue, potentially resulting in a change in
the set of target genes subject to WT1 regulation (Fig. 3). The fact
that the observed pattern was shared by ductal and lobular tumors
derived from developmentally divergent tissues may mean that a
cell type common to both tissues (e.g., an early progenitor cell)
was affected prior to differentiation (Fig. 3).

General loss of WT1 protein was evident in a cancerous
versus normal lobular tissue sample from the same patient
(Fig. 1 E and F, respectively). The origin of WT1-negative
ductal tumor cells is a more complex issue, given that normal
ductal epithelium contains many WT1-negative cells. If the
latter were selectively vulnerable to neoplastic transformation,
however, this would still be consistent with a tumor suppressor
function for WT1 in the normal breast.

In either case, whether nuclear WT1 expression is actively
lost or WT1-negative cells are selected, the establishment of
the WT1-negative tumor phenotype can occur early in tumor-
igenesis. Thus, in a carcinoma in situ, the incipient tumor was
negative for nuclear WT1 while still contained in apparently
normal duct (Fig. 1B), indicating that the WT1-negative status
of the derivative frank carcinoma (Fig. 1C) was established at
its inception. The persistence of the WT1-negative phenotype
in this case would be consistent with continued tumor growth
requiring the reduction or absence of WT1 expression.

The discovery of cytoplasmic, but not nuclear, WT1 in the cells
of three tumors (Fig. 1 B, D, and F) suggests that inactivation of
WT1 may occur by restricting its access to nuclear targets. Recent
experiments have shown that cytoplasmic retention inhibits the
normal regulatory functions of WT1 (27). Phosphorylation is a
major post-translational mechanism regulating transcription fac-
tor action, and phosphorylation of WT1 by protein kinase A
resulted in the cytoplasmic retention of WT1 protein, inhibiting
the transcriptional suppressor activity of a WT1 reporter con-
struct in 3T3 cells. Interestingly, in mammary epithelial cells in
vitro, protein kinase A activation by cholera toxin stimulated
proliferation (41) and, in vivo, locally elevated cAMP levels
powerfully stimulated the growth of regressed ducts in the mouse
mammary gland (42), effects that are consistent with the inhibi-
tion of a growth suppressor. Cytoplasmic retention has recently
been suggested as a mechanism for the regulation of other
transcription factors. The breast tumor suppressor gene product
BRCA1, a nuclear phosphoprotein and putative transcription
factor, is aberrantly localized to the cytoplasm in most breast
cancer cells (27, 43), and in oligodendrocytes in vitro, the p53
tumor suppressor protein moves to the cytoplasm during prolif-
eration and shifts to the nucleus during differentiation where it
mediates differentiation or apoptosis (44). If we return to our
observations on the subcellular localization of WT1, we conclude
that mammary cells with cytoplasmic WT1 are likely to be under
a different program of gene regulation than their counterparts
with nuclear protein localization.

Finally, the higher-grade most-dangerous tumors showed in-
teresting correlations among WT1 expression, estrogen receptor
status, and p53 expression. In estrogen-receptor-positive tumors,
the majority of cells lacked WT1 in 78% of the cases; however,
in the more-advanced estrogen-receptor-negative counterparts,

FIG. 4. Reverse transcription-coupled PCR analysis of the relative
proportion of KTS and exon 5 splice variants in normal versus
cancerous breast tissue. (A) KTS variants. Bars: solid, plus forms;
hatched, minus forms. (Total number of PCRs: normal, n 5 31; tumor,
n 5 17). Normal tissue samples (n 5 10) consisted of tissue from eight
reduction mammoplasty patients and two samples of normal breast
tissue in the vicinity of tumors. As a group and based on age (ranging
from 23 to 45 years), these noncancer patients were considered
premenopausal with the possible exception of one individual (52
years). Six tumor samples were analyzed. Data are the mean 6 SD. (B)
Exon 5 variants. Bars: solid, plus forms; hatched, minus forms. (Total
number of PCRs: normal, n 5 26; tumor, n 5 15.)
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the majority of cells lacked WT1 in only 40% of the cases (data
not shown). In the latter, higher average staining levels suggested
possible negative regulation of tumor WT1 by estrogen. In
addition, there was a correlation in higher-grade tumors between
WT1 and p53 expression. Recent cotransfection studies have
shown that WT1 can stabilize p53 protein and inhibit p53-
mediated apoptosis (35). In breast tumors, overexpression of p53,
usually associated with its functional inactivation, is correlated
with high levels of IGF-IR, whereas normal p53 protein repressed
IGF-IR expression (45, 46). Overexpression of WT1 or, possibly,
perturbation of WT1 splice variant expression in breast tumors
might, therefore, interfere with the normal surveillance activities
of p53. Conversely, p53 might under certain circumstances,
interfere with normal WT1 action(s). Expression of c-ERB2, an
epidermal growth factor receptor-related oncogene, was not
obviously correlated with either tumor status or WT1.

In conclusion, a role for WT1 in mammary development is
inferred from its differential localization in lobules versus ducts,
as well as within ducts, where it was present in putative progenitor
cells. With regard to WT1 and breast tumorigenesis, if WT1
regulates the IGF and TGF-b systems in mammary epithelium,
then our observations indicate that it would be a candidate for a
breast cancer tumor suppressor gene. This conclusion is based on
the following points: (i) a high percentage of breast cancer cells
lacked immunodetectable WT1, indicating that WT1 could be
responsible for the overexpression of IGF-IR common to breast
cancers; (ii) cytoplasmic localization of WT1 suggests that func-
tional inactivation of WT1 occurs in a subset of tumors; (iii)
nuclear WT1 protein was absent in tumors in situ, suggesting that
altered WT-1 expression may coincide with the first appearance
of tumor cells possibly reflecting an event related to cause; (iv) the
WT1-negative phenotype was maintained in tumor masses, con-
sistent with a requirement for on-going lack of expression in
growing tumors; (v) common tumor-related perturbations of
mRNA splice usage were demonstrated.

Given our data, it should now be of interest to elucidate
those mechanisms that determine WT1 function in the normal
and cancerous human breast and the possible role of WT1-
regulated IGF and TGF-b action in mammary growth and
tumorigenesis.
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